A distributed-feedback dye laser with a quenching cavity was designed and constructed for generating a tunable picosecond pulse with a narrow spectral linewidth. This nearly transform-limited pulse was succeedingly amplified by a triple-pass off-axis amplifier. The pulse duration and the spectral linewidth were 60 ps and 9.4 pm, respectively. The amplified pulse was frequency-doubled by second-harmonic generation, producing a 0.5-mJ pulse with no background emission. The potential advantage of this laser in the analysis of dioxin based on supersonic jet/resonance-enhanced multiphoton ionization/mass spectrometry is discussed.
Introduction
Dioxins are known to be one of the most important endocrine disrupters in the environment. Therefore, a serious need exists to develop an analytical instrument for their trace analysis. However, dioxins exist in many isomeric forms, each of which has a different toxicity and is present at ultratrace levels in the environment. For these reasons, both selectivity and sensitivity are necessary in dioxin analysis. Supersonic jet spectrometry combined with resonance-enhanced multiphoton ionization mass spectrometry (SSJ/REMPI/MS) has been reported to be useful for the on-line real-time monitoring of dioxins because of its high selectivity and sensitivity. 1, 2 Unfortunately, the ionization efficiency for a molecule having numerous chlorine atoms is rather low, thus providing a relatively low sensitivity. This undesirable result arises from the short excited-state lifetime of the dioxin molecule. In order to overcome this problem, the use of a picosecond transform-limited pulse has been suggested. 3 However, this type of laser is not currently commercially available.
A distributed-feedback dye laser (DFDL) is capable of producing a picosecond pulse with a narrow linewidth. However, the pulse energy of the pump laser must be adjusted to slightly above the threshold of the laser oscillation. [4] [5] [6] This provides poor stability in the pulse energy of the dye laser and a large background emission, arising from the amplified spontaneous emission (ASE). In order to avoid this undesirable effect, a quenching cavity was constructed to reduce this undesirable emission of ASE. 7, 8 However, this approach requires an additional laser, and makes the total system more complicated. For this reason, we proposed a novel quenching scheme, in which a reflective mirror is simply placed beside the dye cell. 9 In this paper, we report on the amplification of a picosecond pulse generated by a DFDL with a quenching cavity. A triplepass off-axis amplifier was employed to generate an intense background-free picosecond pulse having a uniform spatial distribution. This visible laser light was passed through a nonlinear optical crystal, i.e., β-barium borate (BBO), for second harmonic generation (SHG). An auto-tracking system designed in this study was employed in order to maintain the phase-matching angle of the BBO crystal at the optimum value, which was achieved by a uniform spatial profile of the dye laser beam. The pulse energy of the ultraviolet (UV) laser was sufficient for sensitive measurements of dioxin precursors based on SSJ/REMPI/MS.
Experimental
A block diagram of the laser system developed in this study is shown in Fig. 1 . An Nd:YAG laser (Continuum, Surelite I-10, 6 ns, 355 nm, 150 mJ) is used as a pump laser of the DFDL, which is equipped with a quenching cavity. 9 Coumarin 153, dissolved in methanol (4.5 × 10 -3 M), was employed as a laser dye. The laser wavelength was tuned by changing the angles of the tuning mirrors, which were automatically scanned by computer-controlled motors. The oscillator pulse was passed through a single-pass collinear pre-amplifier. The output pulse was reflected three times at the surface of the dye cell by reflecting the beam by means of mirrors placed at a distance of 23 cm from the dye cell. This off-axis triple-pass amplification scheme was utilized in order to suppress ASE and to enhance the amplification gain. A thermostat was used to maintain the temperature of the dye solution at 303 ± 0.02 K. The pulse width, the spectral linewidth, and the pulse energy of the laser were measured by a streak camera equipped with a monochrometer (Hamamatsu, C4334), a wavemeter (Burleigh, WA5500) and a joule meter (Molectron, J3-05DW), respectively. The beam profile was measured by an N-MOS linear image sensor (Hamamatsu, S3904-1024Q).
Results and Discussion

Pulse energy
The pulse energy of the laser from the oscillator stage was ca. 1 µJ. The output energy obtained after the preamplifier was 150 µJ, which was further enhanced to 220 µJ, 550 µJ, and 1.5 mJ, after the first, second, and third pass through the post amplifier, respectively. The variation in the pulse energy from the post amplifier was less than ±5%, which is probably determined by the pulse-to-pulse energy variation of the pump laser. A fourpass amplification was also examined in this study. However, no significant increase in the pulse energy was observed, which is probably due to a reduction in the pump pulse intensity at four-pass amplification, since the pulse width of the Nd:YAG laser is limited to 6 ns.
Pulsewidth and linewidth
The duration of the laser pulse from the oscillator was 55 ps. It was, unfortunately, difficult to measure the spectral linewidth at this stage due to the small pulse energy of the oscillator. The pulse duration and spectral linewidth of the laser from the final amplifier were 60 ps and 9.4 pm, respectively, as shown in Fig. 2 . The background emission (ASE) was completely suppressed, even after the triple-pass post amplifier. Generally, the use of a multi-pass amplifier increases both the pulsewidth and the linewidth of the laser. The use of a quenching cavity in the oscillator and of an off-axis scheme in the post amplifier was effective for reducing any unwanted ASE. The product of the pulse duration and the spectral linewidth was 0.54 in this study, while the value for a transform-limited Gaussian pulse is 0.44. This suggests that the dye laser developed in this study is nearly transform-limited.
Stability of the laser wavelength
The major reason for why the DFDL has not yet been used in spectroscopy and spectrometry is the poor stability of the laser wavelength against the temperature change of the dye solution.
In order to solve this problem, the dye solution container was placed in a reservoir maintained at 303 ± 0.02 K, which corresponds to a wavelength variation of ±0.01 nm. The wavelength change was monitored during a period in excess of 2 h, and was found to be less than ±0.02 nm. A slightly larger wavelength drift from the expected value can be attributed to imprecise control of the temperature of the dye solution, which may arise from substantial heat generated by the dye circulation pump. This problem can be solved by replacing the circulation pump by a different type.
Tunable range
The laser wavelength was changed from 533 nm to 610 nm, and the intensity distribution was measured. The result is shown in Fig. 3 . A wide tuning range was obtained even for a single dye solution (Coumarin 153). Although it may be possible to extend the tunable range by replacing the dye solution, the wavelength extension to shorter wavelengths is somewhat limited by the configuration of the optical components, such as the mirrors and the dye cell. However, the present problem can be solved by placing a prism in front of the dye cell, as previously reported. 10 
Second-harmonic generation
The frequency of the amplified beam was doubled by using a BBO crystal. The temporal profile of the SHG pulse was determined to be 80 ps by a streak camera, as shown in Fig. 4 . The pulse energy obtained was 500 µJ, the conversion efficiency from the fundamental to the SHG being ca. 30%. This high conversion efficiency may arise from the high peak power of the fundamental laser, as a result of the short pulsewidth provided by oscillator quenching and good beam quality provided by off-axis multi-pass amplification. The latter, i.e., good beam focusing capability, is preferred in various applications, since a high intensity is obtained by a tight beam focus.
Auto-tracking system
When the laser wavelength is tuned, the angle of the BBO crystal should be changed to a specified value in order to maximize the intensity of the SHG beam. An auto-tracking system is currently used for this purpose. However, this is troublesome, since the tracking frequently looses the position because of its instability. This unfavorable result is known to originate from the poor beam quality (inhomogeneous beam pattern) of the laser, which is generated by interference fringes which appear by the side-pump amplification scheme; the edge of the dye cell acts as a rectangular slit, producing numerous fringes in the beam pattern. No such deterioration of the beam occurred in the present study, as is shown in Fig. 5 , due to the off-axis geometry in the post amplifier. In the experiment described in Fig. 5 , the crystal angle was fixed and the wavelength of the fundamental laser was changed from 559.9 nm to 560.2 nm, and the position of the SHG beam was measured. The intensity maximum and the uniform shift of the beam position can be clearly observed across the optimum crystal angle. Therefore, the crystal angle can be optimized by measuring the position of the SHG beam using a position sensitive detector and by locking the position to the optimum value. Thus, the optimum crystal angle can be maintained by the auto-tracking system, thus permitting continuous wavelength tuning.
Application
A DFDL producing a 170 ps, 0.4 -4 µJ pulse has previously been used for measuring dioxin precursors, i.e., chlorobenzene and dichlorobenzene, and has been successfully used for achieving more efficient ionization than the nanosecond laser, since the lifetime of these compounds are on the order of picoseconds. 11 This laser has also been applied to lifetime measurements based on a pump-and-probe method in SSJ/REMPI/MS. 12 However, it was difficult to determine the lifetime of dichlorobenzene because of the long pulsewidth of the laser. Moreover, the sensitivity was rather poor due to the lower pulse energy of the laser. The laser developed in this study has a shorter pulsewidth (80 ps) and a larger pulse energy (500 µJ) and, therefore, can be used as a more powerful tool in dioxin analysis. Figure 6 shows an example of the mass spectrum of chlorobenzene, as measured by SSJ/REMPI/MS, in which a molecular ion can clearly be observed. It should be noted that the present laser has a picosecond pulsewidth, a nearly transform-limited linewidth and is continuously tunable. This type of laser may be useful in a number of applications, including Hole-burning spectroscopy. In addition, the present laser has a good beam-focusing capability and, therefore, the laser frequency may be efficiently converted either to the infrared or to the vacuum UV using a nonlinear optical effect, 245 ANALYTICAL SCIENCES MARCH 2002, VOL. 18 Fig. 3 Tuning range of the Coumarin 153 dye laser. The wavelength was measured using a monochromator (Jasco, CT-25). Fig. 4 Temporal profile of the UV (SHG) pulse. The pulsewidth was slightly increased from the value obtained experimentally (Fig. 2) by reducing the quenching level so as to enhance the stability and the pulse energy of the fundamental beam, although their improvements were not very significant. such as stimulated Raman scattering and succeeding four-wave Raman mixing. Thus, the laser developed herein may have some potential for use in various applications, which have not yet been demonstrated using even the state-of-the-art laser which is currently used in spectroscopy and spectrometry.
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ANALYTICAL SCIENCES MARCH 2002, VOL. 18 Fig. 6 Mass spectrum of chlorobenzene. The laser wavelength was adjusted to 269.81 nm. The laser pulse (50 µJ) was focused into a jet-cooled sample using a focusing lens (f = 200 mm). A 5-ppm sample of chlorobenzene was generated using a permeater (Gastec). The details of the experimental condition are given elsewhere.
